This serves as an introduction for the following sequence of five papers on interactive water resources and environmental management, policy modeling, and model use. We review some important shortcomings of many management and policy models and argue for improved human-computer-model interaction and communication. This interaction can lead to more effective model use which in turn should facilitate the exploration, analysis, and synthesis of alternative designs, plans, and policies by those directly involved in the planning, management, or policy making process. Potential advantages of interactive modeling and model use, as well as some problems and research needs, are discussed.
INTRODUCTION
We recently conducted an informal survey. We asked many of our acquaintances in government agencies concerned with water resources and environmental protection what their biggest problems seemed to be. All of their responses could be summarized as keeping ahead of the increasing number of water-and environmental-related "crises." Efforts spent in reducing each current crisis seems only to result in the emergence of seemingly more difficult ones.
In spite of all that has been done to reduce the ever reoccurring cycle of floods and droughts and their accompanying damages, these events still occur, and their damages are increasing. On top of these and other reocurring problems it seems, suddenly, we have a host of new problems. Increasingly, various toxic wastes discharged on or under the ground are contaminating groundwater supplies and occasionally oozing up to the surface to create health hazards for those living on it. Our urban water distribution systems, many that have functioned well beyond their design life, have collectively, it seems, decided to call for help. The control of nonpoint source pollution is becoming a major challenge to surface water quality managers. Increasingly, acid rain, in a variety of wet and dry forms, is adversely altering aquatic and forest ecosystems on regional scales. The potential for more Three Mile Island nuclear accidents is becoming increasingly apparent, and so on. Any reading of major daily newspapers could lead one to ,conclude that we are not yet very effective managers of our water and other natural environmental resources. We ought to be able to do better, and we can if we have the will.
What is to be discussed in this and the following sequence of papers is not going to solve all of our current water and environmental problems. However, we believe it can provide some help toward that end. It seems to us that managers, planners, and policy makers could benefit from having availCopyright 1985 by the American Geophysical Union.
Paper number 4W0977. 0043-1397/85/004W-0977505.00 95 able, when they need it, some easy-to-use tools to help them identify, explore, analyze, and synthesize effective resource management plans and policies.
The development and application of management or policyoriented models for helping water and environmental resource managers have been taking place for several decades throughout much of the world. The extent to which this effort has been as useful as it could have been. is in some doubt. A comprehensive study of the use of models for water resource management, planning, and policy in the United States was recently completed by the Office of Technology Assessment (OTA) of the U.S. Congress [Friedman et al., 1982] . This report emphasizes the potential of currently existing models for improving the accuracy and effectiveness of informaton available to managers, decision makers, and scientists. It also documents the need for models in meeting the requirements of a wide variety of Federal and State laws in the United States concerning resource management and environmental protection. However, the primary focus of the report is on the constraints to effective model use. Among these constraints are the lack of information about available models, lack of training in model use and interpretation, lack of communication between model users and developers, and lack of required support services. 'Some constraints to model use can only be reduced by actions taken by potential user agencies or groups. Much of the OTA report is directed toward this issue and suggests possible courses of action that resource management agencies could take to increase the benefits they can obtain from model use.
However, there are other constraints that we as modelers and analysts can help to reduce. It is this need and opportunity that motivates the discussion in this and the following papers.
Many of the constraints for effective model use that confront us today are the same that Little [1970] Our thesis, in short, is as follows. Modeling, if it attempts to describe more than some microaspects of physical systems, by necessity involves a strong subjective and value-dominated human element which defies a formal representation in any generally acceptable way. At the same time, any acceptable formal model must be compatible with the set of mental models and the cognitive styles of their users. We argue that widespread model acceptance and use can only stem from direct user involvement at various phases of the modeling process, including definition of basic assumptions and the control of output formats. Interactive methods which give the user an appropriate role in controlling model calibration, model use, and output display requires new ways of manmachine interaction. The role of models thus changes from a product-oriented function where models are products of a usually external modeling process and produce solutions which the end-user does or does not accept, to a process-oriented function. In a process-oriented function, modeling and model use are the important elements of a learning process which in turn facilitates the policy and decision-making process. This paper, and those that follow, present some ideas and general approaches for model builders to consider as they work toward improving the effectiveness of their models to managers, planners, and policy makers. Given the increasing number and complexity of today's water and environmental management problems and those that are likely to emerge in the future, it follows that the potential utility of models designed to help study these problems is also increasing. Clearly, the demand for information that can and should be derived from models exists; it is only a question of how well we as model builders can meet it [Brown, 1982] . We will need, and we will develop, better models, of course, as our knowledge of the systems we model increases. However, equally important, we must devote some attention to the interface between the model user and the models being used. More effective communication is essential for increased effectiveness in model use.
Many gaps between model availability and model use can be reduced by the development of a more user-friendly interaction between the model and its user. Facilitating humanmodel-computer interaction will not necessarily increase the likelihood that any one or more model solutions will be implemented. Rather, it should, we believe, increase the likelihood of the models producing information useful in any debate over what to do, who will be affected, how they will be affected, and how much they will care. Models, if and when used in the planning or policy making process, are used because they provide and organize information that together help in the understanding of the problems being addressed. Often this "additional" information may simply better define the problem and the possible consequences of particular actions taken to help solve or reduce it [Little, 1970] . It may also assist in the resolution of conflicts by providing negotiators with a "face-saving" excuse for changing their positions, i.e., for compromise [Sebenius, As a consequence of all this apparent confusion and uncertainty, water resources and environmental problem-solving tends to be an iterative, explorative, learning process that redefines the problems as much as it seeks solutions to them. Any review of the U.S. water pollution control policies over the past several decades, for example, will provide ample evidence of this.
The very nature of this iterative, recursive, learning, and decision-making process usually requires subjective evaluations and considerable compromises among conflicting goals. The process is typically more political than analytical or scientific. The direct involvement of various interest groups is common. Their goals and behavior are not easily modeled in any acceptable way. What model builders may assume as rational cannot be assumed. What is rational to one may not be to another, and for reasons that may not ever be revealed.
Values and beliefs, and the resulting objectives that shape policies, are the result of dynamic human and institutional interactions. While one could suggest, therefore, that "planners must design from the beginning for the complete range of objectives" [Kahn, 1960] , such a task may be difficult to accomplish. Objectives and values are usually conflicting and changing. They are dependent on the choices given, i.e., on the status of the learning process. Values may very well be unknown to those who have them; i.e., one may not be able to make them explicit when asked. Yet the same person will usually be able to select preferred plans or policies from among alternatives.
Values and priorities may also depend on the possibilities and tradeoffs in a bargaining situation. Such situations are typical in multiple objective decision making exercises that characterize water resources and environmental planning and policy making. Goals may change and unknown constraints may emerge during such processes.
To include these complex and uncertain behavioral characteristics of planning and policy making within one or more models becomes impossible, but to exclude them from consideration during the development of policy models invites a high chance of model failure or rejection. So, what to do? First, we suggest, is to include within models only those parts of the problem under study which can be modeled with credibility. That which cannot, i.e., most human or institutional behavior, must be left outside the model. This then requires that the models be capable of directly and interactively involving humans, i.e., the managers, planners or policy makers, or their staffs, who must supply the crucial behavioral elements. This capability requires, in turn, that the model or models must fit into the managing, planning, and policy-making processes. They must be appropriate for the institutions in which such processes take place and for the individuals within those institutions involved in managing, planning, or policy making.
Inadequate data of the kinds most needed is another troublesome characteristic of most water and environmental planning or policy-making exercises. Each discipline involved in such multidisciplinary exercises tends to collect data in its own traditional way. Data compatibility can be a major constraint. Temporal and spatial resolution, and the resulting statistical quality as well as the appropriateness of the data differ widely when considering, for example, ecological, geographical, or economic and fiscal data related to a given problem. Some data in some cases may be available in large quantities. Meteorological and hydrological records and data resulting for remote sensors may be available with considerable temporal and spatial coverage. In such situations, data-related problems are often those of data reduction, aggregation, and interpretation. Data on causal relationships, however, are usually scarce. This is particularly so when the phenomena of interest are the long-term and synergistic impacts of a particular plan or policy pertaining to, for example, public health, economic development, and ecological systems. Once again, decisions in the absence of adequate evidence of causal relationships will be largely based on subjective judgments.
How can these and other troublesome features of water resources and environmental management and policy making be reduced by those who develop models? We believe there needs to be a change in the manner we approach such problems. Before discussing these proposed changes a brief review of our view of how most models have been developed in the past may serve as a basis for comparison.
TRADITIONAL APPROACHES TO POLICY MODELING
Many modelers have, perhaps until relatively recently, been following a modeling approach that has focused mainly on the analysis of alternatives and less so on the generation, exploration, and synthesis of alternatives. Many of these models have been designed for use outside of the planning, management, and policy-making process. They were designed for use by policy model builders and analysts to provide quantitative solutions to specific problems. This information has occasionally ended up in one or more reports. Very often these quantitative solutions have been based on the assumption of rational economic behavior for lack of any better assumption. Multiobjective models have been used to attempt to eliminate from further consideration solutions that were not efficient i.e., that were inferior with respect to the objectives considered in the models. The trouble is that rational behavior of any kind is not likely to be the same among different individuals and that unspecified, perhaps unknown and unquantifiable, objectives and constraints also apply.
The difficulties in identifying appropriate policy objectives is increasingly being recognized. Many models found in the literature assume the existence of one or more fixed objectives. In the case of prespecified multiple objectives, one can resort to multiobjective or multicriteria modeling to generate sets of "efficient," "noninferior," or "Pareto-optimal" solutions [Cohon, 1978; Zeleny, 1981a, b; Goicoechea et al., 1982] . However, solving large multiobjective models many times to generate even a small subset of noninferior solutions has proven to be an expensive and time-consuming effort. Moreover, there is increasing realization that individuals may want to consider an apparently inferior solution (with respect to those objectives being modeled) as well as noninferior ones. So-called inferior solutions may not be inferior at all when considering additional objectives. Rarely, if ever, can all relevant objectives be explicitly considered in multiobjective models. Hence there are legitimate needs to focus on more than only the set of noninferior or efficient solutions generated by multiobjective models.
Perhaps one of the biggest reasons for model solution rejection, even as a basis for discussion in the managing, planning, or policy-making process, has been the lack of model understanding or confidence, and the lack of adequate communication between the analysts and their clients. Throughout the managing, planning, or policy-making process, analysts rarely can address the right questions that managers, planners, and policy makers want answered unless they are aware of these questions. Also, individuals often do not know what questions they want answers for before some exploration and comprehension of the impacts of some of their ideas for plans and policies. The outcome of this exploration will lead to new questions and the need for additional exploration.
Another tendency in the past, and to some extent even today, has been to concentrate on the development of fairly complex and comprehensive models. This is natural. Most water and environmental problems and their impacts are complex and involve a wide variety of individuals, interest groups, and institutions. The trend toward bigger and more comprehensive models which simultaneously try to describe as many relevant aspects of the problem as can be put into the computer has coincided with the growth in computer speed and capacity, and in the development of more efficient algorithms for solving a variety of mathematical models. Large complex models, however, are not only more difficult to develop and maintain; they tend to require more input data, and this can be expensive to obtain. They also tend to produce large quantities of output, much of which can be a challenge to comprehend. The fact that many of our past models were complex and relatively comprehensive did not necessarily have to mean that they were also less comprehendable or less credible to a potential user. That this has tended to be the rule rather than the exception indicates only that in many cases not enough attention has been placed on model management and model use. The challenge for the future is to learn how to model complex systems so that the models, or more likely a system of more comprehendable models, and the interface between the models and the users becomes more intelligible, manageable, useful, and reliable [-Quade and Miser, 1983] . Too little attention has been devoted to building models into the dynamic management, planning, and policy-making processes, i.e., model and implentation and communication.
AN APPROACH TO MODEL IMPLEMENTATION AND

COMMUNICATION
Any approach to overcoming many of the difficulties and limitations of many of our past models just discussed must recognize the need to involve representatives from each appropriate level of decision making in the modeling process. Involvement of planners and the staffs of policy makers, rather than analysts trying to guess and model their objectives, values, and behavior, is the only way we see how models are going to become more effective as tools for exploring and understanding key issues and for identifying possible management or policy options and their probable impacts. This involvement of nonmodelers in model use, if not also model building, will only happen if the interface between the computer, the models, and the model users makes models easy to use and their results easy to obtain and understand. This interface must permit easy interaction between the model user and the model or models being used. It must make data input and editing easy to perform and make data output easy to manage and comprehend.
Increasing availability of interactive computer hardware and software makes this approach much more feasible today than it was even several years ago. For management, planning, and policy studies, analysts are increasingly beginning to develop systems of interrelated smaller models rather than single large and more complex models [Walker, 1982] . Current trends in management and policy modeling seem to be directed toward the interactive use of relatively smaller interrelated models designed to be adaptive and responsive to a wide variety of questions that policy makers and those affected by a policy may want to ask. Even if each of the smaller models can only address a few questions, together they can be used to study the more complex structured aspects of a resource management problem. The resulting information together with policy makers' experience and judgment about the less structured aspects of the problem can assist in the process of making more informed decisions. This has to be done within the time and budget available and without the need to identify and argue over explicit management or policy objectives [Quade and Miser, 1983 1. Can procedures be developed for deriving systems of simplified, yet sufficiently realistic and reliable predictive models for use in the planning or policy making process? What is the appropriate link between these simplified models and the more comprehensive models that are designed to enhance our scientific understanding of various natural, technological, or social systems? How can systems of relatively simple predictive models representing a complex system be designed to be solved relatively quickly on a small computer and remain credible ?
One way of looking at this problem is to realize that all planning or policy models, and especially the more sophisticated ones, are largely determined by their underlying assumptions: what to include and what to leave out, how to describe a given process, which parameter value to choose, how to interpret and prepare empirical data for inputs, etc. Models are thus at least partly based on subjective foundations. In other words, models rely heavily on expert knowledge. It is their heuristic value rather than any degree of precision that makes them helpful in planning and policy making.
The appropriate procedure thus is also a heuristic one: starting from expert knowledge and problem perception, guided by strict parsimony and whatever theoretical framework may be applicable, models are built to satisfy their users' needs for information and enhanced understanding on the planning or policy levels. They should not be built, necessarily, to reliably predict, because how could that be established other than in hindsight ?
Model credibility is also a very subjective notion. A model is or is not credible only in the eye of the beholder or modeler. Planning or policy modeling is as much an attempt to depict reality as it is an attempt to formalize and guide our subjective perception and understanding of reality. The only remaining criterion (given a certain professional and scientific standard) is user satisfaction.
Each of the remaining five papers in this series addresses this issue further. The conclusion to be drawn from this admittedly limited sample of experiences and opinions is that the answer to the above question is yes. However, it remains to be seen how this can best be done.
2. How can a system of interlinked models be developed and used so that it contributes not only to increasing the efficiency of any proposed plan or policy or decision (i.e., doing things right) but also to the effectiveness of the policy making process (i.e., helping managers, planners, and policy makers decide what are the appropriate questions to ask and the right things to do)? Related to this is the need to evaluate a wide variety of impacts associated with a large number of objectives or measures of system performance, especially when some of those types of impacts and objectives are not known or thought of until well along in the planning or policy making process.
At the heart of this question is the problem of complexity, of everything affecting everything else. It involves the problem of not knowing what one wants to do, or knowing what will be considered important, until one knows what can be done, or what impacts will result and how they will affect others. In our view, the appropriate approach is a modular one made from numerous more general building blocks in a problemspecific framework. Also, the precondition for such a mode of modular model operation is a sufficiently flexible and easy to use software development environment that makes the cost of modular development very small versus the cost of not exploring one more possibility. In different ways, each of the other five papers in this series explores this issue further.
3. How can one build into a model management or decision-support system a means of updating the input data and even the structure of the models, when appropriate, so that the system is adaptive to changing issues, problems and institutional interests or objectives? How can one make the system adaptive to various levels of user sophistication without the need of a full-time computer programmer? Can systems of predictive models be developed and used to provide guidance for, and yet not constrain, the identification of new policy alternatives ? This is especially applicable in an environment where not the analysts but the managers, planners, and policy makers (perhaps through their staffs) are asking analysts for information that may not have been considered during the model building stage.
Again, the answer is flexible, easy to modify or reconfigure models, and a development-oriented software environment. A rich set of compatible and cooperating software tools, which can easily be combined and recombined in an experimental fashion, invites the continuous adaptive development of such model systems. Independent but combinable tools, each of them relatively small and easy to grasp, master, and, if necessary, modify or add to, give the user the necessary flexibility at low cost. If it is easy to develop a special purpose ad hoc solution to a given problem (like a special purpose editor program to update or modify input values), the need for necessarily complicated general purpose systems is reduced.
4. How can one most efficiently link various predictive models together when each of these models may have differing and varying spatial and temporal dimensions? The dimensions may depend on the spatial and temporal response of the system being modeled, on the policy or decision taken at each spatial location and in each time period, and on external or exogenous events. Hence the spatial and temporal resolution appropriate to a particular model or module may vary during any simulation.
If individual elements of a model system have different resolutions in space and time, then they can always be linked together with a set of special purpose interface programs, that, in a purely formal or more heuristic way, transform, aggregate, and disaggregate the flow of information between these respective models. Each such interface can be very small, simple, and inexpensive to produce. However, there will be the need to assess how such simplifications distort the information derived from each of the disaggregated models.
5. How can one most effectively combine, contrast, and present information having both spatial and temporal dimensions in a manner that will improve the comprehension of that information by analysts, managers, planners, policy makers, and the interested public?
Interpreting, comparing, and evaluating complex infor- These and other research issues are important. Many relate to the acceptability of any quantitative modeling or information display system within an essentially political setting. How these problems are or are not overcome in the actual process of building and using interactive models will undoubtedly differ. The interface that links a system of models to model users and the level or extent of interaction needed will be largely dictated by the institutional structure in which the models must fit and adapt as well as by the particular management problems requiring policy.
Hence there are no single answers to these questions. Yet these are some of the questions addressed in the following series of papers on the development and implementation of interactive modeling. Some of our views are the same, some quite different. Some of our work has been successfully implemented; some has not. We leave it to others to critique our ideas and the approaches we have followed, and to add to the experiences reported in these following papers.
The next paper by Kunreuther and Miller [1984] reports on one of the first attempts to develop and apply interactive modeling to a pervasive water problem: flood management and hazard assessment. They began and completed their work in the mid-to late 1970's, and long before anyone seriously thought that those who would most likely be benefiting from the use of such models would have their own personal computers, and in many cases with graphical display capabilities to make the output even more understandable. One can wonder if the difficulties Kunreuther and his colleagues had in the late 1970's in identifying clients who would be interested in using these very innovative tools (a difficult task especially on dry sunny days) will be diminished in the near future. Advances in computer technology will soon make it possible for all of us to have an even more powerful modeling capability linked to appropriate data bases for assessing flood hazards and options for their reduction.
Computer technology is going to have such a profound impact on how we develop and use models that it seems to warrant a more detailed examination. In the next paper, Fedra 
CONCLUSIONS
The interactive approach to modeling and model use for the exploration, study, and synthesis of resource managment plans or policies is motivated by both a need and by a technology. There is clearly a continuing need for a better means of generating and effectively communicating technical information to those involved in planning and policy making. If models are to be used to do this, we believe such models must be easy to use, easy to understand, and must be adaptive to a wide variety of possible policy alternatives. They must also be able to provide credible information when such information is needed. Furthermore, they should be designed so as to provide an unbiased guide that helps policy makers decide what it is they should do as well as how best to do it.
In addition, the increasing availability and use of timesharing computer networks, microcomputers, and interactive computer languages (software) make it possible for most of us, as individuals or as members of various organizations, to have access to fast, inexpensive, interactive computing power, supplemented increasingly by color display capabilities if desired. These developments will have a profound effect on how we as modelers approach management and policy model building in the future, and how we can help managers, planners, and policy makers better understand technical issues, identify various options that are available for reducing conflict, and to assess the impacts of those alternative policies.
In this first of a series of articles on interactive modeling for water resources and environmental planning and policy making we argue why we think such an approach might lead to more effective modeling and model use. We also focus on some of the problems and research topics related to the development and use or implementation of interactive models. Rather than providing a literature review of the subject [Pollack, 1976], we have attempted to provide some motivation and background for some more detailed discussions of several aspects, and several applications, of interactive systems of models designed to assist and be used by water resource and environmental managers, planners, and policy makers. These more detailed discussions are contained in the following five articles. By no means does the information contained in this and the following papers represent a review of the current state of the art. We are only hoping to add a little to it and to argue for more research and discussion on this topic.
